ABSTRACT The density of microcapsules was compared on ÔGolden DeliciousÕ mature and immature foliage, fruit, and 1-yr-old limbs after dip treatments with Phase III oriental fruit moth, Grapholita molesta (Busck), microencapsulated pheromone. Microcapsules were counted with a dissecting microscope at 50ϫ magniÞcation after apple tissues were treated with a two-step dye staining process to increase the visibility of the microcapsules. The number of Phase III microcapsules on 1-yr limbs treated with a Þeld concentration was two-to threefold greater than the number of microcapsules on similarly treated fruit or foliage. Phase I, III, and V OFM MEC and Checkmate OFM-F formulations of microencapsulated pheromone also were compared to determine their abundance on mature apple foliage. The Phase V OFM MEC formulation had the highest density of microcapsules when mature foliage was treated at the Þeld rate. The Phase I treatment had the greatest difference between upper and lower leaf surfaces with 18-fold greater microcapsule density on the upper surface. On mature apple leaves treated with Phase III MEC, the number of microcapsules/cm 2 was two-to threefold greater on Þelds of view without the mid-vein than those that included the mid-vein. The cuticle structure and abundance of trichomes are two factors that may have contributed to differences in microcapsule density among plant tissue types, top and bottom leaf surfaces, and Þelds of view with and without the mid-vein.
THE EARLIEST FIELD TRIALS using microencapsulated pheromone were conducted to prevent mating of the gypsy moth, Lymantria dispar (L.) (Beroza et al. 1973 , Beroza et al. 1974 . , the sex pheromone of gypsy moth, was contained in nylon or gelatin-based (100 Ð 400 m diameter) microcapsules and aerially sprayed at a rate of 2Ð5 g disparlure/ha. Soon after, Þeld trials with microencapsulated pheromone were conducted on two insect pests of fruit, the red banded leafroller, Argyrotaenia velutinana (Walker), (Cardé et al. 1975) , and grape berry moth, Endopiza viteana (Clemens) (Taschenberg and Roelofs 1976) . The redbanded leafroller (Z/E 11-tetradecenyl acetate) and grape berry moth (Z/E 9-dodecenyl acetate) pheromones used in these studies were contained in polyamide microcapsules (30 Ð50 m diameter). Later, Þeld work with microencapsulated pheromone was conducted on two insect pests of cotton, the pink bollworm, Pectinophora gossypiella (Saunders) (Critchley et al. 1983 , Critchley et al. 1985 , Moawad et al. 1991 and Spodoptora littoralis (Boisduval) (Campion et al. 1981) . Recently, a commercially available formulation of sprayable microencapsulated pheromone was used for the control of Sparganothis sulfureana (Clemens) (Polavarapu et al. 2001) .
Oriental fruit moth, Grapholita molesta (Busck), has traditionally been a pest on peaches but has increasingly become a serious pest on apples (Usmani and Shearer 2001) . Sprayable formulations of microencapsulated pheromone have been successfully used to control oriental fruit moth in commercial orchards in Michigan Wise 1998, Gut et al. 2000) . Although oriental fruit moth microencapsulated pheromone has been used in commercial orchards, little is known about the relative number of G. molesta pheromone microcapsules that may adhere to different plant tissues. Studies have been conducted on the distribution of microencapsulated pesticides in subterranean environments (Bowman 1992 , Fleming et al. 1992 , Davis et al. 1993 ) and in coniferous forests (Himel et al. 1987 , Berisford et al. 1991 , but little is known about the distribution of microcapsules containing pheromone on plant tissues of deciduous trees. The purpose of the Þrst part of this study was to compare the number of microcapsules of oriental fruit moth microencapsulated pheromone on mature and immature apple foliage, fruit, and 1-yr wood. Because the presence of these different tissue types varies throughout the growing season, this may inßuence the effectiveness of microencapsulated pheromone for each oriental fruit moth generation. In addition to knowing where concentrations of pheromone microcapsules are highest in commercial orchards, knowing which surfaces have the highest microcapsule concentration may allow us to target deposition to maximize the efÞcacy of applications.
Although sprayable formulations of pheromones can be easily applied over large areas by conventional sprayers with less labor input, they are generally less persistent than pheromones in hand applied dispensers (Gillespie et al. 1995) . Sprayable formulations of pheromone with longer activity are currently under development. Because these long life formulations may be created by altering the microcapsule structure that contains the insect pheromone (Grant Oliver, 3M Canada, personal communication), the ability of these microcapsules to bind to leaf surfaces may be affected. In the second portion of this study, we compared the number of microcapsules on mature apple foliage treated with one of four microencapsulated oriental fruit moth formulations with different size and structural characteristics. In conjunction with these studies, the number of microcapsules was compared on different regions of the leaf including the top and bottom of leaves and mid-vein and nonmid-vein areas of the leaf surface.
Materials and Methods
In the Þrst part of the study, a comparison of the number of pheromone microcapsules in a sampled surface area was made among different apple plant tissues (1-yr wood, fruit, and mature and immature leaves). All plant tissues except fruit came from 1 yr-old ÕGolden DeliciousÕ apple trees grown on Mauling 26 rootstocks. Five to six replicates with 10 Ð20 plant tissues were used for a total of 100 specimens per tissue type. Treatments were made at a concentration of 50 l (AI)/liter (ppm) Phase III oriental fruit moth microencapsulated pheromone (OFM MEC, 3M Canada company, London, Ontario). The recommended use rate of oriental fruit moth OFM MEC is 25Ð37 ml (AI)/ha. At the lowest recommended use rate (i.e., 25 ml [AI]/ha) a spray volume of 500 liters/ha is equivalent to an OFM MEC tank concentration of 50 l (AI)/liter. Apple leaves and wood was immersed for 5 s in 200 ml aqueous solutions of 50 ppm and fruits were immersed for 5 s in 400 ml aqueous solutions.
ÔGolden DeliciousÕ fruit ranged from 160 to 240 g. One-year apple wood was cut into 10-cm sections with a cross-sectional diameter of 7Ð10 mm. Mature leaves were dark green, 5Ð15 cm long, and 3Ð7 cm wide (measured at the widest point). Immature leaves were light green, had a considerably higher density of trichomes (i.e., greater pubescence) than mature leaves, and were Ͻ4 cm long and 2 cm wide. Fruit was cut in half after it was dipped in the OFM MEC solution to facilitate drying.
After plant tissues dried from the OFM MEC treatment for 2Ð 4 h, they were dipped for 10 s in a 0.2% solution of rose bengal (certiÞed, dye content 89%, Aldrich, Inc., Milwaukee, WI). After plant tissues dried from the rose bengal treatment, they were dipped for 10 s in a 0.2% solution of brilliant cresyl blue (Fluka Chemika, Buchs, Switzerland). Drying time after the rose bengal treatment was a minimum of 3 h so the dye would not wash off during the brilliant cresyl blue treatment. Rose bengal and brilliant cresyl blue were used because they absorb to the microcapsule wall and increase the visibility of the microcapsules under light microscopy. Both dye treatments were made because neither dye alone provided as much contrast between the plant tissues and microcapsules as the combination.
Microcapsules were counted within 48 h of the Þnal treatment with a dissecting microscope at 50ϫ magniÞcation with a Þeld of view of 13.9 mm 2 (0.14 cm 2 ). After fruit halves dried from the OFM MEC and dye treatments, they were cut in half again for a total of four approximately equal sections. The undersurface of the apple (internal section) was cut so the apple quarters would lie ßat on the microscope stage. Four Þelds of view were examined, one for each fruit section. On mature leaves, a total of eight different Þelds of view per leaf were examined. This included two Þelds of view with the mid-vein and two without the mid-vein for both the top and undersurface of the mature leaves. Because the immature leaves were not wide enough to include a Þeld of view without the mid-vein, a total of four Þelds of view (two on the top and two on the undersurface) were examined for each immature leaf. The leaf mid-veins occupied Ϸ15Ð25% of the Þeld of view. For the 1-yr wood, two Þelds of view were examined because of the small surface area relative to other plant tissues.
The Phase III OFM MEC was used for the Þrst portion of the study, because at the time of the study it was expected to be the next commercially available OFM MEC formulation for oriental fruit moth mating disruption. Phase I OFM MEC is the current commercially available formulation, but at the time of the experiment the 3M Canada Company had plans to shift to commercial use of Phase III OFM MEC. At the time of the experiment, Phase V OFM MEC was under development and not registered for commercial use.
In the second portion of the study, the number of microcapsules on mature foliage was compared with four different formulations of micro-encapsulated oriental fruit moth pheromone. These included Phase I, III, and V OFM MEC and Checkmate OFM-F (Consep, Inc., Bend, OR). The number of microcapsules on the top and bottom of leaf surfaces was separately determined in addition to the total number of microcapsules on apple foliage. The methods for this portion of the study were the same as the Þrst study except that a total of four Þelds of view per leaf were examined (two on top, two on undersurface, both included the mid-vein).
The number of microcapsules/cm 2 for each treatment was compared using an analysis of variance (ANOVA) (Abacus Concepts 1991). Data from both experiments were normalized before the ANOVA using a natural logarithm of n ϩ 1 transformation. Means were compared using a Fisher protected least significant difference (LSD) test (Abacus Concepts 1991). A separate ANOVA was conducted for each portion of the study and an additional set of analyses was conducted to compare microcapsule density on the top and bottom leaf surfaces.
Results
The number of Phase III microcapsules/cm 2 adhering to 1-yr apple wood (26.8 Ϯ 2.3) was signiÞcantly greater than the number of microcapsules on fruit (12.7 Ϯ 1.4), immature foilage (11.7 Ϯ 0.9), or mature foliage (7.3 Ϯ 0.4). There was no signiÞcant difference between the number of microcapsules on immature foliage and fruit. There were, however, signiÞcantly fewer microcapsules on mature foliage than both immature foliage and fruit.
Mature leaves treated with the CheckMate OFM-F formulation had signiÞcantly fewer microcapsules/ cm 2 (0.8 Ϯ 0.14) than leaves treated with any of the MEC formulations (2.7 Ϯ 0.29, 3.9 Ϯ 0.45, and 4.7 Ϯ 0.47 for Phase I, III, and V formulations, respectively). The density of microcapsules adhering to foliage was statistically greater for Phase V than the Phase I formulation, but microcapsule densities were the same on Phase V and III treated foliage. In addition, there was no signiÞcant difference between microcapsule densities on foliage treated with Phase III or I MEC.
There were signiÞcantly more microcapsules on the top than the bottom surface of apple foliage treated with 50 l AI/liter Phase I or V microencapsulated oriental fruit moth pheromone (Table 1 ). The Phase I treatment had the greatest difference between top and bottom leaf surfaces with 18-fold greater microcapsule density on the top surface of foliage. Phase III and CheckMate OFM-F treatments had no signiÞcant difference between the number of microcapsules on the top and bottom leaf surfaces. The top surfaces of leaves treated with Phase V MEC had the highest density of all the formulations.
On mature apple leaves treated with Phase III MEC, the number of microcapsules/cm 2 was two-to threefold greater within Þelds of view outside the mid-vein than those that included the mid-vein (Table 2) . Differences in microcapsule densities for Þelds of view that included or did not include the mid-vein were signiÞcant for both the top and bottom of leaves treated with Phase III MEC. Microcapsule densities in Þelds of view without the mid-vein were not signiÞ-cantly different on top or bottom of leaves. Results were similar in Þelds of view that included the midvein. Microcapsule density on immature leaves with a Þeld of view that included the mid-vein was similar to the number of microcapsules/cm 2 on mature leaves with a Þeld of view that did not include the mid-vein.
Discussion
The structural characteristics of a leaf surface affect how spray droplets interact with it (Black and Bukovac 1996) . Two examples of this include trichomes (Hess and Falk 1990, Black et al. 1995) and cuticular waxes (Bukovac 1980, Hess and Falk 1990) . The cuticle of most above ground tissues is comprised of hydrophobic waxes and cutin (Taiz and Zeiger 1991) . The outer bark of stems, however, is comprised primarily of suberin (Taiz and Zeiger 1991) . The two plant tissue types without trichomes, 1-yr wood and fruit, had the highest density of microcapsules after treatment with Phase III OFM MEC. The 1-yr wood, with a cuticle comprised of suberin rather than cutin and hydrophobic waxes, had a microcapsule density twofold greater than fruit. The mature foliage had the lowest density of microcapsules of the four tissue types. In addition to having trichomes, mature foliage has a cuticle comprised of hydrophobic waxes and cutin. Although immature apple leaves have an abundance of trichomes, the main difference from the mature leaves is the makeup of the cuticle. A thicker or more hydrophobic wax layer is common in cuticles of mature leaves as compared with immature foliage (McWhorter et al. 1990 , Zaid and Hughes 1995 , Bondada et al. 1997 , Sase et al. 1998 , Chacalis et al. 2001 , Jetter and Schaffer 2001 . This may explain the difference in microcapsule densities on the two foliage a Total number of Þelds of view examined on leaves for each treatment (100 leaves, 2 Þelds of view per leaf surface).
Means Ϯ SEM followed by the same letter are not signiÞcantly different (P Ͼ 0.05), ANOVA, FisherÕs Protected LSD. types. In addition to the effects of the trichomes, the hydrophobic nature of the leaf and fruit cuticle may be responsible for the lower density of pheromone microcapsules as compared with the 1-yr wood tissue. Other factors such as speciÞc differences in surface area and texture among the four tissue types may also play a role in microcapsule density.
Microcapsule density on young foliage and 1-yr wood was greater than on mature foliage. Early in the season there is a greater proportion of immature to mature foliage in apple orchards. As foliage matures throughout the season, the proportion of mature foliage increases while the proportion of immature foliage decreases. Young branches are more exposed to sprays applied early in the season because the foliar canopy is less dense than later in the season. The high density of microcapsules on branches and immature foliage may be advantageous for early season applications of oriental fruit moth MEC. The greater propensity to adhere to these structures compared with mature foliage may help to compensate for the overall low abundance of foliage. Conversely, the increase in the total amount of primarily mature foliage later in the season may offset the decreased amount of terminal foliage and access to young branches. Targeting applications in the tops of trees and the exterior canopy where terminal foliage is concentrated may increase the amount of microencapsulated pheromone in trees. Environmental variables such as precipitation and sunlight may also have an impact on the number of microcapsules in the tree canopy. Further testing in the Þeld with airblast sprayer applications of OFM MEC may elucidate this matter.
Although the three MEC formulations had a greater microcapsule density than the CheckMate OFM-F formulation, the size of the MEC capsules is substantially less. The microcapsule diameter of MEC formulations ranged from Ϸ15Ð 60 m and the CheckMate OFM-F microcapsule diameters were Ϸ50 Ð150 m. The concentration of pheromone for the CheckMate OFM-F (23.6% pheromone) and MEC (20.0% pheromone) formulations is similar. Because of these size differences, we would expect the number of CheckMate OFM-F microcapsules per unit volume to be less than the MEC formulations. These differences may have contributed to the decreased microcapsule density on mature apple foliage of CheckMate OFM-F as compared with the MEC formulations. The differences in microcapsule density among the MEC formulations, however, were not a result of differences in microcapsule size. The same size range and pheromone concentration occurs with Phase I, III, and V formulations (Grant Oliver, 3M Canada, personal communication) .
Although the MEC formulations have three-to Þve-fold greater microcapsule density than the CheckMate OFM-F, the average volume of the CheckMate microcapsules is substantially greater than the MEC microcapsules. A CheckMate microcapsule with a diameter of 100 m has a 23-fold greater (i.e., [100/35] 3 ) volume than a MEC microcapsule with a diameter of 35 m. Using the same mid-range values of 35 m for the MEC microcapsules and 100 m for the CheckMate microcapsules, and assuming each capsule is completely Þlled with pheromone, the approximate mean volumes of pheromone/cm 2 for the Phase I, III, V MEC and CheckMate microcapsules are 60,612, 87,552, 105,510, and 418,879 m 3 , respectively. Thus, CheckMate microcapsules can potentially deliver approximately four-to seven-fold greater quantities of pheromone than MEC microcapsules per unit area.
In the Þeld, however, microcapsule density may be substantially less than we observed under laboratory conditions with a leaf dip application. Bioassay studies have demonstrated that higher concentrations of pesticides are necessary for sprayer applications in Þeld conditions to achieve the same mortality as leaf dip treatments (Agnello et al. 1994 , Horowitz et al. 1997 , Stansly et al. 1998 . Factors that inßuence spray coverage in the Þeld (e.g., weather, sprayer type, tree size, planting density, and density of the leaf canopy) (Johnstone 1985 , Black and Bukovac 1996 , Bohmont 1997 may be responsible for lower concentrations on foliage sprayed in the Þeld than leaf dip treatments. The value of using a leaf dip application under laboratory conditions is that it minimizes or eliminates these factors and allows for a relative comparison of microcapsule density. Additional studies in the Þeld are necessary to account for the effect of these variables.
The CheckMate OFM-F had no signiÞcant difference between the number of microcapsules/cm 2 on top and bottom leaf surfaces. For all three MEC formulations, the number of microcapsules/cm 2 on top was greater than the bottom of mature leaves. For the Phase III formulation, however, these differences were not signiÞcant.
We originally expected, based on the way water tends to collect and ßow along a mid-vein, that microcapsule density would be greatest along the leaf mid-vein. On mature apple foliage, however, a Þeld of view that included the mid-vein had a lower density of microcapsules than a Þeld of view that did not contain a mid-vein. These differences may be caused by variations in cuticle composition, trichome density, and other structural characteristics. In addition, microcapsule density on mature leaves was greater on the upper than lower surfaces. For immature foliage, however, no signiÞcant differences in microcapsule density existed between the upper and lower surfaces of leaves. Trichome density and cuticle structure were more uniform throughout the immature leaves than the mature foliage. The differences between upper and lower surfaces of leaves may also be related to variations in cuticle composition, trichome density, and other structural characteristics.
The type of plant tissue and microcapsule formulation has a signiÞcant impact on the density of microcapsules. Although mature foliage may be the most abundant plant tissue type during most of the growing season in commercial orchards, other tissues such as young branches, immature foliage, and fruit are also important substrates for pheromone microcapsules. Alterations in microcapsule structure may be respon-sible for the differences in the OFM MEC Phase I, III, and V formulations (Grant Oliver, 3M Canada, personal communication) . Alterations in microcapsule structure to improve qualities such as rainfastness and decreased susceptibility to breakdown from UV light inßuence binding ability on apple leaves. The number of microcapsules/cm 2 on mature apple leaves treated with the long life Phase III or V OFM MEC formulations was greater than or equal to the number of microcapsules/cm 2 from the commercially available Phase I treatment. The number of microcapsules in a commercial orchard and the longevity of the microcapsule in commercial orchards are two of the most important factors determining the success of sprayable pheromone programs. Improvements in microcapsule structure have the potential to dramatically increase the effectiveness of mating disruption programs using sprayable pheromones.
